ABSTRACT Soft modular robots have the advantages of both bionic continuum robots and modular self-reconfigurable robots. They have potential application for working in narrow space and uneven terrain. The outstanding abilities of the soft modular robots are infinite degrees of freedom and a changeable configuration. However, these advantages also incur difficulty in mathematical modeling and continuous motion control, especially for docking, which is the key to realizing a changeable configuration. Therefore, the development of a soft modular robot requires a modeling method to guide the module's motions accurately. In this paper, we design and manufacture a pneumatic soft modular robot with a novel connecting mechanism to achieve docking. A nonlinear dynamic model of our soft module is established. In particular, the analytic solutions of the module plane docking are presented. Based on the nonlinear dynamic modeling, three experiments are performed under different conditions. The experimental results pertaining to module plane bending agree with the theoretical values, which verify the accuracy of the modeling method. Moreover, fixed point docking and two modules docking experiments demonstrate the validity of the modeling method and the docking ability. The modeling method proposed in this paper can well guide the docking of soft modular robots.
I. INTRODUCTION
The development of modular robots has been a prominent direction of robot research in recent years. The core value of modular robots lies in their variety of structural form, which enables the production of many types of movements and adaptation to different environments. Many researchers have developed a series of rigid modular robots, including Polybot [1] , CONRO [2] , M-TRAN [3] , Micro-Unit [4] , SuperBot [5] , Yamor [6] , UBot [7] , [8] , and Seremo [9] . These modular robots can alter their structure by connecting different faces of their modules. However, rigid modular robots have finite degrees of freedom, which directly affect their configuration ability and structural complexity.
Therefore, the soft modular robot has been introduced. Soft modular robots are a new type of bionic continuum robot made of soft material. The advantages of soft robots are their large strain capacity and infinite degrees of freedom [10] . Furthermore, they can imitate animal movements, such as crawling and wriggling, by altering their structural form. Therefore, soft modular robots have potential application for working in narrow space and uneven terrain. Many researchers have studied soft modular robots, including the multi-spherical modules [11] , [12] , the voice coil actuator modules [13] , the bidirectional bending modules [14] , the reconfigurable omnidirectional soft robot [15] , the modules with magnetic components [16] , the tensegrity modular soft robots [17] , the modules connecting by electromagnetic force [18] , [19] , the soft modular robotic cubes [20] , and the beehive cellular hexagon structure soft modules [21] .
However, soft modular robot design also involves one important challenge, high complexity in mathematical modeling for motion control. ''Many DOFs of soft robots are not directly observable and/or controllable, complicating shape estimation and control'' [22] . To date, this difficulty has been inadequately addressed. Some researchers have focused on the design structure and connection mechanism of modules to realize module connection [16] , [18] , [21] or folding deformation [17] . Several scientists have concentrated on driving methods and soft sensors, such as Nemitz et al. [13] , who has used a voice coil to actuate soft robot movement, and Luo et al. [14] , who has used magnetic curvature sensors embedded in the neutral axis of bidirectional bending actuators. Studies on mathematical modeling for motion control have reported the control of soft modular robots with various modes of movement via experimental values of air pressure, in which the module shapes are designed as cubes [15] , [20] , cells [19] or spheres [11] , [12] . However, this kind of approach needs calibration experiments and is suitable for robots with special motion patterns. Therefore, it has limitations on guiding docking of slender modular robot, which is the key to realizing a changeable configuration and requires continuous control of a module's attitude.
To mathematically model a module's motion control, we introduce Cosserat rod theory. The method is widely applied to analyses of flexible bars [23] - [25] and cables [26] , [27] . This modeling method has been expanded and incorporated into soft continuum robot research. Trivedi and Rahn [22] , [28] proposed an approach for modeling soft robotic manipulators (OctArm V) based on elastic rod theory. Camarillo et al. [29] presented a method for controlling a tendon-driven continuum manipulator by specifying the configuration. By using modeling approach based on Cosserat rod theory, the continuous attitudes of soft modular robot can be obtained to guide docking motion. Furthermore, the motion control does not rely on hardware and calibration experiments.
In this paper, we design a novel soft modular robot that has docking function developed for reconfiguration. A nonlinear dynamic model of our soft module is established by introducing Cosserat rod theory. In addition, three experiments are performed to verify the correctness and applicability of the modeling method. The remainder of this paper is organized as follows. The design and manufacture of the soft robot module are introduced first in Section II. Section III illustrates the nonlinear deformation of the elastic material module and analyzes the relationship between the pressure and strain of the module. Furthermore, the dynamic model of the module is established in Section IV. Finally, Section V discusses the experiments and results.
II. DESIGN AND MANUFACTURE OF SOFT ROBOT MODULE
To realize docking and reconfigurability, we design and manufacture a novel modular soft robot. The module is manufactured with silicon material, which has hyper-elastic characteristics and can vulcanize at room temperature. Fig. 1 shows the manufacturing process of the module.
The manufacturing process of the module involves three steps. The first step is the manufacture of pneumatic actuator 1 and actuator 2, as shown in Fig. 1(A) . Actuator 1 has three control channels, each of which can be actuated by air pressure independently. Actuator 2, which has one chamber, is composed of actuators 2a and 2b utilizing Smooth-On silicone rubber adhesive. Actuators 1, 2a and 2b are manufactured by silica gel demolding. In addition, mold 1 (molds 1a and 1b) and mold 2 (molds 2a and 2b) are the molds for actuators 1 and 2, respectively, and are manufactured via 3D print technology. The second step is the manufacture of the connecting part, as shown in Fig. 1(B) . The connecting part, which has one actuator and four connecting faces, can enable the connecting faces to stretch out and draw back. The connecting part consists of parts 1b, 2a, 3, and 4, which are fabricated by 3D printing silica gel technology. Part 1b has eight recesses for mounting radial magnets. Part 2a can move along the inner edge of part 1b by a driving force. The driving force is the expanding force of actuator 2, which is actuated by the inner air pressure. Part 3 consists of parts 1a and 2a, and part 1a has four recesses for mounting radial magnets. Part 4 is composed of parts 2b and actuator 2. The difference between the parts 2a and 2b is that part 2b has a hole (3mm) for fixing an inflating air tube.
The final step is the manufacture of the soft module, as shown in Fig. 1(C) . The soft module consists of two connecting parts and one actuator (actuator 1). Non-deformable nylon rope is twisted around the module carefully, which guarantees that the diameter of the module cannot be changed when inflating the module with air. The rope improves the efficiency with which the work due to external forces is converted to deformation energy.
The soft robot can adopt various configurations through docking. The soft module has two connecting parts at both ends, and the connecting part has radial magnets to enable alignment and connection of the soft module. Moreover, actuator 2 enables disconnection. Fig. 2 shows the worm, cross, quadruped and hexapod configurations of the modular robot, which can be adopted under variable environments and for completing various tasks.
III. DEFORMATION ANALYSES OF SOFT MODULE
The soft modular robot is made of silica gel, which has nonlinear characteristics. The material can extend to several times its own length under a tensile force. Therefore, the relationship between the pressure and the strain of the module must first be analyzed. The deformation relationship is established based on Ronlad-Rivlin theory [30] and neo-Hookean solid [31] .
As shown in Fig. 3 , the cross-section of actuator 1 has three control channels, which are numbered I, II, and III. The angle between any two connection lines of the circular center points is 120 • . Other design parameters of actuator 1 include the module radius R, the channel radius r, the distance between the module center and channel center d, and the module length L.
According to the first law of thermodynamics,
where W is the total work done by external forces, k is the kinetic energy of the module, U is the internal energy of the module, and Q is the thermal energy of the module. The deformation of an elastic body is an adiabatic process; thus, δQ = 0. The module is in equilibrium when it actuates by slowly inflating with air, and the kinetic energy of the module can be ignored; thus, δk = 0.
Assuming that the module is bent by inner pressure and that the module behaves as a neo-Hookean solid, the strain energy per unit volume of module u can be expressed as follows:
where I I1 , I I2 and I I3 are the Cauchy-Green strain tensors of channel I; λ I1 λ I2 and λ I3 are the stretch ratios of channel I; and E is Young's modulus. The inextensibility of the fibers implies [21] 
where α is the wind angle of the winding fibers. The incompressibility of the module implies
The total strain energy of actuator 1 and the work done by pressure p are as follows:
where V c is the volume of each channel and V m is the material volume of actuator 1. By substituting (2) - (5) into (1), the relationship between pressure and strain is obtained,
IV. NONLINEAR DYNAMIC MODELING OF SOFT MODULAR ROBOT
To achieve the module's centerline, which is a clear description of the module's motion trend, a dynamic model is established based on Cosserat rod theory [32] . The equivalent axial force of the module is a key element in solving the associated dynamic equations. This force can be calculated based on the corresponding strain, and the strain of the module due to air pressure is obtained as discussed in the previous section.
A. COORDINATE SYSTEMS AND EXPRESSIONS
The dynamic model is established in the principal axis coordinate system of the module's cross-section because the equivalent axial forces act on the cross-section of the module. However, the centerline of the module must be expressed in the fixed coordinate system. Thus, the transformation relationships between the principal axis coordinate system and the fixed coordinate system are introduced first. The fixed coordinate system S − xyz and the principal axis coordinate system P − xyz are shown in Fig. 4 . To map the fixed coordinate system S − xyz to the coordinate system P − xyz. Euler angles ψ, θ , and ϕ are employed. Thus, the fixed coordinate system S − xyz can be rotated to the coordinate system P − xyz around the axes z, x 1 , and z 2 , sequentially.
Thus, the direction cosine matrix S C P can be calculated as follows:
where cos and sin are abbreviated as c and s, respectively.
B. DYNAMIC EQUATIONS OF SOFT MODULE
To obtain the relationship between external forces and the module's centerline, the dynamic equations of the module are established. As shown in Fig. 5 , Q and P are points on the centerline of the module, and P − xyz is the principal axis coordinate system at point P.
The dynamic stability analyses are based on the principal axis coordinate system P − xyz, with arc-coordinate s and time t as dual arguments.
where F and M are increments of force and angular momentum, respectively. r is the radius vector of segment QP. s is the arc coordinate, is the density of the module, S is the cross-sectional area of the module, J is the moment of inertia of the module's cross-section, and is the angular partial differential with respect to time.
Dividing (8) by s and assuming s → 0, the dynamic equations in the principal axis coordinate system can be expressed as follows:
where e 3 is the base vector of the z axis in coordinate system P − xyz, v is the linear velocity, and ω is the angular partial differential in radians. Furthermore, the variables of the coordinate system P−xyz can be expressed in the fixed coordinate system S − xyz as follows:
where the subscript S indicates that the variables are expressed in the fixed coordinate system.
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Substituting (10) into (9) yields
Therefore, the dynamic equations of the module in the fixed coordinate system are established, as shown in (11).
C. ANALYTIC SOLUTIONS FOR MODULE PLANE DOCKING
According to the module docking process, the module is in equilibrium when actuated by slowly inflating with air. Thus,
Therefore, the dynamic equations can be simplified to the equilibrium equations. Moreover, M and ω can be expressed as follows:
where A and B are the bending stiffness of the module and C is the torsional stiffness of the module. By substituting (12), (13) , and (14) into (9), the dynamic equations can be simplified to the equilibrium equations. The equations can be projected onto the x, y, and z axes of the fixed coordinate system and are expressed as follows:
For a circular section of the module in module plane docking, the initial conditions is
By substituting (16) into (15), the equilibrium equation of the module for plane docking is obtained as follows:
Moreover, the equivalent axial force can be obtained from the stretch ratios,
where E, V c , λ I1 , and L are as discussed in Section III.
To obtain the analytic solution of the static equation (17), two ends of the module can be equated as hinged joints when in the equilibrium state. As shown in Fig. 6 , the line connecting the two end points P and SS of the module is defined as axis ς . The midpoint on the connecting line O is the coordinate origin. N is the midpoint of the centerline, and let axis η be the normal to axis ς through the point N . Therefore, the centerline is symmetric about the axis η. In addition, the force F acts on the ends of the points P and S. The Euler angle is θ , which is the plane bending angle. The force F is the projection of equivalent axial force F I onto axis ς. Thus, F = F I cos θ .
The maximum deflection of centerline at midpoint N is
The centerline is symmetric about the axis η. Therefore, the entire centerline can be obtained by treating the arc segment NP. Because θ = 0 at the midpoint N , the positive direction of arc s is defined as leading from point N to point P.
Thus, dη/ds = − sin θ , dς/ds = cos θ
The variables k and φ are introduced, and the following relation is allowed:
Moreover, the value of φ is between 0 and n/2 from point N to point P. Thus, the coordinate at axis η of an arbitrary point on the arc segment NP can be expressed as follows: Substituting (21), (22) into (20) yields
Using elliptic integrals to calculate (23) , the coordinate at axis ς of an arbitrary point on the arc segment NP can be obtained as follows:
where E(φ, k) is an elliptic integral of the second kind and F(φ, k) is a complete elliptic integral of the first kind. Therefore, the coordinate of an arbitrary point on the arc segment NP can be obtained as (η(φ), ς(φ)), φ ∈ (0, π 2).
Thus, we program the abovementioned formulas employing MATLAB and obtain the centerlines with different Young's moduli for the module. Fig. 7 illustrates that the centerline angles decrease with increasing Young's modulus under the same length and pressure of the module. Moreover, the centerline angles increase with pressure under the same length and elastic modulus of the module. The other parameters of the module are shown in TABLE 1.
V. EXPERIMENTS AND RESULTS
To verify the dynamic modeling method and the modules' docking function, three types of experiments are performed on a control verification platform. The experiments involve module plane bending, fixed-point docking and two modules docking.
The control verification platform is shown in Fig. 8 . This platform consists of a DC power supply (12V), an air bottle (4L), a main controller (Arduino MEGA2560), solenoid valves (OST T103-FL), pressure sensors (XGZP6847) and a PC. The DC power supply provides electricity to the control system, and the air bottle supplies high-pressure air. The modules' docking motions are controlled by the main controller, air supply and solenoid valves. The main controller realizes on-off control for the solenoid valves to pass or block the high-pressure air forced into modules. The pressure sensors and PC are used to measure the pressure values of the modules.
A. MODULE PLANE BENDING
The deformations of the module under a series of pressures are shown in Fig. 9 . The module bending states vary with the pressure every 10 kPa (from 0 kPa to 110 kPa). The results show that the bending angle and length of the module increase with pressure, and the bending angle is 180 • when the pressure is 110 kPa. The parameters of the module used in the experiments are the same as parameters of Fig. 7(a) .
The experiments are repeated three times with the same module parameters, and the centerlines are shown in Fig. 10 . As shown in the contrast diagrams, the trends of the three experimental curves are coherent, and comparable results are obtained for the numerical errors caused by air pressure VOLUME 7, 2019 errors. Moreover, the trends of the experimental results are in accord with the theoretical values. Therefore, the rationality of the modeling method is proved by comparing the theoretical values and experimental results. Furthermore, the theoretical results are sufficient for guiding the module's docking motions, which are described in the following experiments.
B. MODULE FIXED-POINT DOCKING Fig. 11 shows the motion of the module on magnetic bases through fixed point docking. There are two magnetic bases on the horizontal plane, and the horizontal distance between the two bases is the length of the module.
During module fixed point docking, connecting part A of module is connected to magnetic base 1 first. Then, the module is bent by inflating with air, and connecting part B of module is docked to fixed magnetic base 2. Finally, connecting part A is actuated to disconnect the module from magnetic base 1. The process of docking motion is continuous and smooth. The module bending angle (0 • -180 • -0 • ) vary with the air pressure (0 kPa -110 kPa -0 kPa). Moreover, the maximum value of bending angle is 180 • when the module is docked on the fixed base 2.
The docking function and mobility of the module are verified by a fixed point docking experiment. Moreover, the module's bending states can be controlled by the pressure values, which are calculated by the dynamic modeling method. The dynamic modeling method is instructive in achieving docking motion control of the module.
C. TWO MODULES DOCKING
The docking of two modules is illustrated in Fig. 12 . There are three magnetic bases on the horizontal plane, and the horizontal distance between two magnetic parts is the length of the module.
During the docking of the two modules, the ends of the modules are connected to magnetic bases 1 and 3, respectively, first. Then, the two modules are bent by inflating with air to realize module docking. Finally, the two connected parts The results show that two modules can be guided to dock smoothly. The module's motion states can be controlled by the pressure values, which are calculated by the dynamic modeling method. Therefore, the rationality and effectiveness of the proposed modeling method is validated. Moreover, the design of connecting parts is reliable in the docking process, and the docking function between different modules is verified.
VI. CONCLUSION
In this paper, we design a pneumatic soft modular robot with a novel structure of connecting part and introduce the process for manufacturing the module. The robot is made of silicone material and uses magnetism to achieve infinite degrees of freedom and a connecting function, respectively. To achieve continuous control of motion attitude, a nonlinear dynamic modeling method for our soft module is established by combining neo-Hookean theory and Cosserat rod theory. In the case of plane docking, analytic solutions for the module are calculated, and the centerlines of the soft module under various parameters are obtained based on the modeling method. Using the modeling method, we perform three types of experiments: module plane bending, fixed point docking and two modules docking. The results verify the accuracy of the modeling method and the suitability of our module for carrying out docking function.
The modeling method proposed in this paper can well guide docking motion of the module, which guarantees that the soft modular robot has the ability to realize various configurations. Based on the current theoretical results, we will continue to research the motion of soft modular robots with different configurations. In some application scenarios of soft modular robot, external force is existed in order to accomplish special tasks. Therefore, the influences of external force on the module deformation should be taken into account. We will analyze and discuss this issue in the future work. Such work will enhance the adaptability of soft modular robots to various tasks and environments. VOLUME 7, 2019 
